Abstract Many doubts still exist about which freshwater mussel Unio species inhabit Northwest Africa. While some authors refer to the presence of Unio delphinus in the Atlantic North African basins of Morocco, a recent International Union for Conservation of Nature (IUCN) assessment performed on Moroccan Unio species, recognised the existence of a distinct species, Unio foucauldianus, with a critically endangered conservation status. The present study delivered new genetic, morphological, and geographical distribution data on two Unio species (i.e. U. delphinus and U. foucauldianus) greatly increasing the almost non-existent data on these taxa. Bayesian phylogenetic analysis revealed two highly supported geographically concordant clades, which diverged by 3.2 ± 0.6 % (uncorrected p distance): the first distributed across Iberia and corresponding to U. delphinus, and the second distributed across Morocco, corresponding to U. foucauldianus. These results were corroborated by the analysis of ten newly developed microsatellite loci as well as shell morphometry. We suggest that the IUCN critically endangered conservation status of U. foucauldianus should be revised and probably down-listed since its actual distribution is much wider than previously described. Phylogenetic relationships with the other Unio species were resolved, showing that U. delphinus and U. foucauldianus fall inside the pictorum lineage. The estimated molecular rate reported herein (0.265 ± 0.06 % per million years) represents the first for the Unionida and could be used as a reference in future studies.
Introduction
Freshwater mussels (Unionida) are among the most threatened fauna, globally in decline (Strayer 2008) , and particularly vulnerable to habitat loss and fragmentation, changes in flow regimes, pollution, climatic disturbances and introduction of invasive species (Strayer et al. 2004 ). Despite their endangered status and well-recognised ecological importance, unionoid conservation is often impaired due to a lack of information and knowledge in many fields including ecology, physiology and genetics ). This includes a lack of a basic understanding of intraspecific genetic structure of most Unionida species (but see Froufe et al. 2014 and Lopes-Lima et al. 2016a , for recent European examples), as well as unresolved phylogenetic relationships between unionoid taxa (Lopes-Lima et al. 2016b) . To a large part, this is due to the high phenotypic plasticity within unionoid species, rendering traditional conchological characters of limited use for identifying taxonomic units (Ortmann 1912; Zieritz and Aldridge 2009; Zieritz et al. 2010 ) and making species definitions in freshwater mussels a persistent and contentious problem. The emergence of genetic tools to detect evolutionary significant lineages has therefore led to broad taxonomic revisions in bivalves (Plazzi and Passamonti 2010) .
The genus Unio is particularly notorious for its extreme intraspecific phenotypic plasticity and regional variations in shell shape. Up to the twentieth century, >1000 described species were included within the genus (Graf 2007) . Haas (1969) considered this genus as a series of 12 'fundamental' Unio species, each comprising different 'races' or incipient species, mostly based on conchology. Recent molecular works have updated the taxonomy of the genus, which resulted in 13 currently recognised extant Unio species (Graf and Cummings 2015) . Phylogenetically, Unio belongs to the largest freshwater bivalve family, the Unionidae, accounting for 674 out of 840 species (80 %) of the order Unionida (Graf and Cummings 2007) . The phylogeny of this genus encompasses four main lineages: the pictorum, crassus, tumidus and gibbus lineage (Lopes-Lima et al. 2016b) . Over the last decade, the pictorum lineage was divided into six species: Unio pictorum (Linnaeus 1758), Unio mancus Lamarck 1819, Unio delphinus Spengler 1793, Unio ravoisieri Deshayes 1848, Unio elongatulus Pfeiffer 1825 and Unio caffer Krauss 1848 (Van Damme 1984; Appleton 1996; Araujo et al. 2005; Khalloufi et al. 2011; Prié et al. 2012; Reis et al. 2013; Prié and Puillandre 2014) .
While there are still uncertainties about the taxonomic status of the Unio species within this lineage in many regions, here we present the current evaluation of their geographical distributions. U. pictorum is the most widely distributed species, occurring from the UK extending South to Greece and Turkey and East to Russia (Van Damme 2011), while U. elongatulus is only present in Northern Italy and Croatia and U. caffer is restricted to river systems across southern Africa (Kristensen et al. 2010) . U. delphinus is present in most Western Iberian basins (Araujo et al. 2009a) . U. ravoisieri is confined to two locations (one small basin and a small lake) in Spain (Araujo et al. 2009a ) and Northwest Africa (Khalloufi et al. 2011) . U. mancus is restricted to Mediterranean basins, from Eastern Iberia (Araujo et al. 2005) through France and Italy to the South-Eastern European countries (Haas 1969; Cuttelod et al. 2011) .
Many doubts still exist about which Unio species inhabit Northwest Africa. Although Araujo et al. (2009a) refer to the presence of U. delphinus in both Iberia and North Africa, a subsequent IUCN assessment of the species restricted its occurrence to the Iberia Peninsula (Araujo 2011a) . However, the assumption that this species is widespread in Atlantic Morocco, launched by Araujo et al. (2009a) , has since become widely accepted (see, e.g. Morais et al. 2013; Machordom et al. 2015) . Araujo et al. (2009a) (Araujo et al. 2009b; Khalloufi and Boumaïza 2009; Khalloufi et al. 2011) . Therefore, the present study will focus on clarifying which Unio species (i.e. U. delphinus, U. foucauldianus or both) inhabit Moroccan Atlantic rivers.
Numerous phylogeographic studies have confirmed the great importance of both Iberia and the Northwest African region (i.e. the Maghreb) as glacial refugia during the Pleistocene (Gómez and Lunt 2007; Husemann et al. 2012) . Although there have been several studies using molecular tools on European invertebrates, few have included freshwater mussels from Iberia and even less from North Africa (but see Araujo et al. 2005 Araujo et al. , 2009a Khalloufi et al. 2011; Reis et al. 2013; Froufe et al. 2014; Lopes-Lima et al. 2016a) . After a land connection established around 5.96 Mya, the reopening of the Strait of Gibraltar around 5.33 Mya (Krijgsman et al. 1999 ) constituted a major vicariant event for many terrestrial and aquatic species. Since then, some secondary contact events took place, and at present, there is a high variety of colonisation patterns described across the Strait for different organisms. These patterns range from similar genetic lineages between northern Maghreb populations and those from Iberia (e.g. Schmitt et al. 2006; Carranza et al. 2006; Gaubert et al. 2010) to strong genetic splits (e.g. Steinfartz et al. 2000; García-París et al. 2003; Fonseca et al. 2009; Miraldo et al. 2011) . Some of these studies concluded that several taxa were able to cross the Strait during the Pleistocene, restricting the use of the Messinian Salinity Crisis (MSC) as a time calibration event. Therefore, many dated phylogenies of taxa occurring across the Strait are based on external substitution rates. However, the fact remains that for many taxa, especially those with low dispersal ability, the separation between Iberia and Africa is an effective barrier, and with proper caution, the MSC could be an informative biogeographical calibration point.
Studies that investigated molecular rates in Unionida to date have been based on substitution rates from distant (marine) bivalve taxa, calibrated with the age of the Panama Isthmus (e.g. Marko 2002) or other events (e.g. Luttikhuizen et al. 2003) . Due to the huge differences in the molecular clock rates among species (Li 1997) , these obtained divergence times might not be accurate, and a more reliable molecular clock should be estimated within the Unionida.
In this study, we aim to resolve the phylogenetic relationships within the U. pictorum lineage, as well as the distribution of species in Iberia and Maghreb, and the role of the MSC as a vicariant event. For that purpose, we combine molecular and morphological analyses in order to (i) characterise the genetic diversity patterns across the entire distribution of U. delphinus/ U. foucauldianus using mitochondrial DNA (mtDNA) sequences; (ii) characterise shell morphology patterns; and (iii) characterise the population structure in Iberia and Maghreb using microsatellites. Additionally, we hope to provide valuable insights for the conservation of these species, as well as more adequate calibration tools for molecular rates in Unionida.
Materials and methods

Sample collection
U. delphinus/U. foucauldianus specimens were collected from 21 sites across their reported distribution, spanning the major Atlantic basins in Iberia and Morocco (Araujo et al. 2009a ; Van Damme and Ghamizi 2010) ( Fig. 1 ; Table S1 ). A small sample from the foot was collected in the field (following Naimo et al. 1998 ) and placed directly into 99 % ethanol for subsequent molecular analysis. Each specimen was additionally photographed for subsequent morphometric analysis and then returned to its original habitat. Genomic DNA was extracted from tissue samples using a standard high-salt protocol (Sambrook et al. 1989 ).
Sequencing, alignment, phylogenetic and demographic analyses
The F-type COI gene (ca. 700 bp fragment) was amplified for 74 U. delphinus/foucauldianus, 1 U. elongatulus and 1 U. mancus specimens applying LCO_22me and HCO_700dy primers (Walker et al. 2006 (Walker et al. , 2007 , annealing temperature of 50°C and other polymerase chain reaction (PCR) conditions as described in Froufe et al. (2014) . Sequences were obtained using the BigDye sequencing protocol (Applied Biosystems 3730xl) by Macrogen Inc., Korea. One additional sequence (EF571434) was downloaded from GenBank to increase Pop 10 sample size (Table S1 ). Forward and reverse sequences were edited and assembled using ChromasPro 1.7.4 (Technelysium, Tewantin, Australia), and all sequences were then aligned with ClustalW, in Bioedit 7.2.5 (Hall 1999) .
Unionida exhibit a peculiar mode of mitochondrial DNA transmission, known as doubly uniparental inheritance (DUI) of mitochondrial DNA (Zouros et al. 1994a, b; Hoeh et al. 1996; Liu et al. 1996) . As a result, the nucleotide divergence between female and male mitochondrial genomes of the same species in the family Unionidae is no less than 40 % (e.g. Breton et al. 2007; Huang et al. 2013; Froufe et al. 2016) . In the present study, this value was used as a reference to assure that obtained COI sequences were indeed all F-type.
The best-fit model of nucleotide substitution under corrected Akaike Information Criterion was selected using JModelTest 2.1.7 (Posada 2008) for each partition, corresponding to each codon position. Model GTR was chosen for the first and third positions and F81 for the second. Phylogenetic inference was performed in MrBayes v.3.2.5 (Ronquist et al. 2012) . Analyses started with programmegenerated trees and four heated Markov chains with default incremental heating. Two independent runs of 24 × 10 6 generations were sampled at intervals of 1000 generations producing a total of 24,000 trees. Burnin was determined upon convergence of log likelihood and parameter values, using Tracer 1.6 (Rambaut et al. 2014) .
In order to resolve the phylogenetic relationships within the pictorum lineage, additional COI sequences from 14 specimens from the six described species of this lineage (available on GenBank; Table S2 ) were analysed together with six newly sequenced individuals, i.e. three from Iberia and three from Morocco, and two outgroup taxa following the same methodology as described above (with the exception of the models used, i.e. 1st HKY and 3rd GTR + I).
Haplotypes were deposited in GenBank (Table S1) , and haplotype networks were calculated using TCS 1.21 (Clement et al. 2000) with a threshold of 95 %. Sequence divergences (uncorrected p distance) were assessed using MEGA 6.0 (Tamura et al. 2013) . Sequence and nucleotide diversity measures were calculated using DnaSP v.5.1.0.1. In order to examine the demographic history of the species and hypothesise post-Pleistocene range expansions, two neutrality tests were applied: Tajima D test, and Fu's Fs test. The first uses information on the mutation frequencies, while the latter uses information on the distribution of haplotypes (RamosOnsins and Rozas 2002) .
Shell morphometry
For a detailed analysis of inter-and intraspecific variation in shell morphometry of U. delphinus/foucauldianus (see 'Results'), we used Fourier shape analysis, as developed and explained by Crampton and Haines (1996) . This method decomposes xy-coordinates of a shell outline into a number of harmonics, each of which is in turn explained by two Fourier coefficients. xy-coordinates of the sagittal shell outline of each specimen (20 specimens per population) were obtained from digital photographs using the programme IMAGEJ (Rasband 2008 ) and subjected to fast Fourier transformation using the programme HANGLE, applying a smoothing normalisation of 20 to eliminate high-frequency pixel noise. Preliminary analysis indicated that the first 10 harmonics described the outlines with sufficiently high precision. Discarding of the first harmonic, which does not contain any shape information, resulted in a set of 18 Fourier coefficients per individual. After rotating outlines to maximum overlap by programme HMATCH, principal component analysis (PCA) was performed on the 18 Fourier coefficients using programme PAST (Hammer and Harper 2006) . The number of principal components to be retained was determined using the broken stick model of the scree plot. Synthetic outlines of extreme and average shell shapes were drawn using programme HCURVE as explained in Crampton and Haines (1996) .
To test for statistically significant differences in sagittal shell shape between species and populations, analyses of variance (ANOVA) were run on all significant principal components, separately fitting species and population as a factor with two and ten levels, respectively. Tukey's post hoc test was performed to identify significant differences between each population pair. Finally, we assessed the rate of accurate species identification based on Fourier shape analysis using discriminant function analysis (DFA). Statistical analyses were performed in R.3.1.1.
Microsatellite development and analyses
Total genomic DNA from one U. delphinus individual collected in the Douro basin (Portugal; Pop 2, Fig. 1 ; Table S1 ) was sent to Genoscreen (Lille, France) for microsatellite-enriched library preparation and sequencing by 454 Genome Sequencer FLX Titanium (454, Roche Applied Science) using the method of Malausa et al. (2011) .
PCR reactions were optimised following Froufe et al. (2013) : three sets of ten primer pairs each were chosen and initially tested on 52 individuals (four per population) with PCR reactions in simplex to validate selected loci and ascertain optimal annealing temperatures. After these trials, ten loci were selected, combined in two multiplex-PCR reactions (eight in MixA and two in MixB) and tested for and Unio foucauldianus (red symbols) populations from Iberia and Morocco, respectively, included in the present study (Table S1 , Supporting information). Blue and red areas represent the current known distribution of the two species. Circles indicate populations for which COI mtDNA sequences were analysed; stars indicate populations for which both mtDNA and microsatellites were analysed. Population code numbers follow Table S1 (Supporting information). Middle, BEAST maximum clade credibility tree for U. delphinus and U. foucauldianus. Divergence time estimates are in million years. The grey bars indicate the height 95 % HPD interval. The light-blue rectangle represents the MSC. Right, phylogenetic tree obtained by Bayesian Inference analysis of 77 mtDNA COI sequences (633 bp) of U. delphinus and U. foucauldianus, with U. elongatulus and U. mancus as outgroups. Support values (%) are given as Bayesian posterior probability above nodes polymorphism in all the 153 U. delphinus individuals from eight populations collected in Iberia. PCR reactions were performed on a DNA Engine DyadW Peltier Thermal Cycler (Bio-Rad Laboratories), consisting of a denaturing step at 95°C for 15 min followed by 9 cycles (11 for MixB) of denaturation at 95°C for 30 s, 90 s annealing at 56°C (60°C for MixB) where the annealing temperature was lowered by 0.5°C with each consecutive cycle and 30 s elongation at 72°C; 31 cycles (29 for MixB) of denaturation at 95°C for 30 s, annealing at 52°C (55°C for MixB) for 60 s and extension at 72°C for 30 s; and a final extension at 60°C for 30 min. Labelled PCR amplicons were resuspended in 10 mL Hi-DiTM Formamide and their sizes determined in an Applied Biosystems 3100 DNA analyser, with LIZ 500 as an internal size standard. The same loci were tested (using the same conditions) on a subset of 20 individuals collected from Morocco, i.e. from U. foucauldianus (see Results). As the loci amplified well in these individuals, the remaining 78 specimens collected from the four Morocco populations were scored for the same loci (using the same conditions).
In total, 231 individuals (12 populations) were genotyped for all the 10 loci. Genetix v.4.0.5.2 (Belkhir et al. 2004 ) was used to estimate allele frequencies, observed (H O ) and expected (H E ) heterozygosity. Linkage disequilibrium (LD), inbreeding coefficients (F IS ), and deviations from the HardyWeinberg equilibrium (HWE) were tested in Genepop-onthe-Web (http://genepop.curtin.edu.au/index.html; Raymond and Rousset 1995) using exact tests with significance estimated by a Markov chain method after 10,000 randomizations and sequential Bonferroni correction employed to account for multiple testing (Holm 1979) . The presence and frequency of null alleles were tested in each locus using MICROCHECKER (Van Oosterhout et al. 2004 ) and FREENA (Chapuis and Estoup 2007) , respectively.
Global and single-locus genetic differentiation among samples and their putative genetic structuring were assessed with the F ST fixation index (Weir and Cockerham 1984) in FSTAT 2.9.3.2 (Goudet 1995) with significance being assessed with 1.000 permutations. The impact of null alleles on F ST estimation was assessed by comparing F ST values before and after correction for null alleles using the excluding null alleles (ENA) method implemented in FREENA. As null alleles were found to have a minimal or no impact on F ST estimates, all subsequent analyses were conducted on data uncorrected for null alleles.
Population structure was also analysed using the Bayesian model-based clustering approach implemented in STRUCTURE v.2.3.3 (Pritchard et al. 2000) . Correlated allele frequencies, an admixture model without prior population information for individuals, was assumed. Fifteen independent runs were made for K = 1-13 for the complete dataset (i.e. for the 12 populations) with each run consisting of a burn-in of 10 5 Markov chain Monte Carlo steps, followed by 5 × 10 5 steps. Additionally, 15 independent runs were performed for K = 1-9 for the U. delphinus dataset (i.e. for the eight Iberian populations) and for K = 1-5 for U. foucauldianus (i.e. for the four Moroccan populations), with each run consisting on the same procedure as described above. Selection of the most likely number of genetic clusters (K) was based on the second order rate of change in probability between successive K values as described in Evanno et al. (2005) and implemented in STRUCTURE HARVESTER (Earl and von Holdt 2012) .
Recent bottleneck events were explored using the method of Luikart et al. (1998) , as implemented in BOTTLENECK v.1.2.02 (Piry et al. 1999) . BOTTLENECK was run under the two-phase mutation model (TPM), which incorporates elements of both the stepwise mutation (SMM) and the infinite allele model (IAM) and is considered to provide the best fit for most microsatellite loci (Di Rienzo et al. 1994) . Parameters included a proportion of SMMset at 70 % and a default variance of 30 among multiple steps. Significance was assessed using Wilcoxon signed-rank tests with 10,000 iterations.
Divergence time estimates
Divergence times among lineages were estimated for COI sequences using Beast v.1.8.2 (Drummond and Rambaut 2007) , using the connection between North Africa and Iberia to constrain the root age of the tree (5.33-5.96 Mya, Krijgsman et al. 1999) . A haplotype alignment was used to reduce computational load and improve visualisation of the results. The dataset was run under a HKY + I substitution model according to jModelTest results. Sequence evolution was assumed to follow an uncorrelated lognormal relaxed clock (Drummond et al. 2006) , and BEAST allowed to estimate the clock rate under a uniform distribution, which being a weak prior did not significantly distort the biogeographical calibration. The tree prior was set to constant size coalescent (Kingman 1982) , given most of the sampled relationships are at the intraspecific level, and the tree root height was constrained to the 5.33-5.96 Mya interval using a lognormal prior with a one-sided cutoff at 5.33 Mya. A lognormal prior places a higher probability density closer to present, which we think best fits the data since the Mediterranean was only totally isolated from the Atlantic from 5.59 to 5.33 Mya (Krijgsman et al. 1999) . Other parameters used default settings. The analysis was run for 10 7 generations, sampling every 1000 generations. Quality of the runs and parameter convergence were assessed using Tracer v.1.6 (Rambaut et al. 2014) . The maximum credibility tree of mean heights was then constructed using TreeAnnotator and discarding 300 trees as burn-in.
Results
mtDNA sequencing
All mtDNA COI sequences obtained were considered Ftype, as no sequences similar to the M-type were detected. Sequences spanning 633 bp were obtained (36 polymorphic and 26 parsimony informative sites) for all individuals. No insertions or deletions, and no stop codons were observed after translating all sequences to amino acids.
The results of the Bayesian phylogenetic analysis are shown in Fig. 1 . Two highly supported geographically concordant clades were retrieved, which diverged by 3.2 ± 0.6 % (uncorrected p distance): the first clade was distributed across Iberia and corresponded to U. delphinus (56 specimens), and the second clade was distributed across Morocco and corresponded to U. foucauldianus (19 specimens). The southernmost Iberian basins Guadalquivir, Barbate and Guadiaro form a geographically coherent monophyletic group (pop 14-16; Table S1 ; Fig. 1 ). On the other hand, sub-clades within the U. foucauldianus were not geographically concordant. Time calibration showed a substitution rate for COI of 0.265 ± 0.06 %/million years and that the most recent common ancestor (MRCA) of the extant lineages of U. delphinus is much older than the MRCA of U. foucauldianus (Fig. 1) . High levels of nucleotide variability were detected in U. delphinus when compared with U. foucauldianus as shown in Table 1 . Tests of demographic history yielded significantly negative results (p < 0.05) only for Fs (Fu's) statistics for U. delphinus (Table 1) , although the value for the D (Tajima's) test was also negative. As for U. foucauldianus, no significant results were retrieved (Table 1 ). The summary of the indices of genetic diversity estimated for each population of both species is shown in Table 2 .
The 56 sequences obtained from U. delphinus were collapsed to 15 unique haplotypes and linked with 14 mutations to the four haplotypes retrieved from the 19 U. foucauldianus individuals sequenced (Fig. 2) . The haplotype networks revealed that no particular geographic structure of genetic variability was found, except for the four haplotypes retrieved from the most Southern Iberian basins (Guadalquivir, Barbate and Guadiaro), which are separated by three mutations (Fig. 2) .
Phylogenetic analysis of COI sequences from six newly sequenced individuals, i.e. three from Iberia ( = U . d e l p h i n u s ) a n d t h r e e f r o m M o r o c c o (=U. foucauldianus), fourteen specimens of the six described species of the pictorum lineage and two outgroups revealed that U. delphinus and U. foucauldianus fall inside the pictorum lineage (Fig. 3) . The genetic distances between other pairs of Unio sp. are presented in both Fig. 3 and in more detail in Table 3 .
Shell morphometry
The first two principal components obtained by PCA on the 18 Fourier coefficients were retained by the broken stick model and together explained 42.5 % of the total variance in sagittal shell shape (Fig. 4) . As suggested by the clustering of U. delphinus versus U. foucauldianus specimens in the scatter plot, PC1 and PC2 values were significantly different between these two species as well as between the ten populations (ANOVAs, factor 'species'; response variable 'PC1': F = 262.8, df = 1, p < 0.0001; response variable 'PC2': F = 62.3, df = 1, p < 0.0001; factor 'population'; response variable 'PC1': df = 9, F = 41.2, p < 0.0001; response variable 'PC2': df = 9, F = 10.55, p < 0.0001). As illustrated by synthetic outlines of extreme shell forms, PC1 represents a trend from a triangular to trapezoidal shell shape, and PC2 represents a trend from a straight ventral margin and well-developed, protruding dorso-posterior margin to a weak, sloping dorsoposterior margin and a concavely shaped posterior part of the ventral margin (Fig. 4) .
The two species differed significantly in their sagittal shell shape. Tukey's post hoc comparisons revealed significant differences in PC1 values between all populations from different species, with U. delphinus and U. foucauldianus typically featuring a triangular and trapezoidal sagittal outline, respectively (Table S3 ; Fig. 4 ). Interspecific patterns in PC2 values were less consistent. The high degree of morphological divergence of U. delphinus and U. foucauldianus was also confirmed by DFA on the 18 Fourier coefficients, which classified 95 % of specimens to the correct species (Hotelling's T 2 = 861.83, F = 45.004, p < 0.0001).
Microsatellites
All ten loci were successfully combined in two multiplexed PCRs and yielded clear and balanced electrophoresis profiles that matched the peaks obtained from single-locus PCRs. The summary of the microsatellite results is given in Table 4 . A total of 188 U. delphinus and 169 U. foucauldianus alleles were observed across the ten loci, ranging from 14 to 30 (U. delphinus) to 5 to 25 (U. foucauldianus) alleles per locus. Four U. delphinus and three U. foucauldianus loci deviated from Hardy-Weinberg equilibrium, and generally low positive values of inbreeding coefficients (F IS ) were found in both species (Table 4) . In U. delphinus, null alleles were negligible (Table S4 ). In U. foucauldianus, one locus, i.e. UD3, showed significant null alleles presence values (Table S4 ). However, this locus was not excluded from subsequent analyses, as its removal affected neither the F ST values nor the final population structure results (data not shown). Linkage disequilibrium was not detected, indicating that all the new loci can be considered as independent markers. Population microsatellite statistics are shown in Table 2 . Within U. delphinus, three populations were not in Hardy-Weinberg equilibrium and generally most showed low levels of significant F IS . Three of the four analysed U. foucauldianus populations were not in Hardy-Weinberg equilibrium, and all showed low levels of significant F IS . Pairwise F ST values for both species were all significant after sequential Bonferroni correction, indicating moderate genetic differentiation among all populations (data not shown).
The plots of ΔK based on the STRUCTURE analyses indicated that two (K = 2) is the most likely number of clusters present in the entire dataset (Fig. 2, middle) . For the U. delphinus dataset, only two clusters were revealed (Fig. 2 , right top A): one included the populations from the Minho in the North to the Tejo in the South, whereas the other included the populations from the Southern Iberia, i.e. Guadiana, Guadalquivir and Barbate. Two additional runs were made for each of these clusters. The first was then subdivided in 2 (K = 2), where the Minho population stands alone (Fig. 2, right top B) ; whereas the most likely number of clusters present in the second was three (K = 3), corresponding to each of the three populations analysed (Fig. 2, right top C) . For the U. foucauldianus dataset, three (K = 3) is the most likely number of clusters present: the two Northern Morocco populations cluster together (Mda and Sebou) and the other two (Oum-Er-Rbia and Noun) are separated (Fig. 2, right  below) .
Wilcoxon signed-rank tests revealed no evidence of recent bottleneck events, as the tests were not significant for heterozygosity excess in all populations for both species. Moreover, the mode-shift indicator test revealed an L-shaped pattern of allele frequencies, supporting the absence of a recent bottleneck in both species.
Discussion
In an effort to clarify the phylogeny of the pictorum lineage, as well as the distribution of the species in Iberia and Maghreb, and the role of the MSC as a vicariant event, we sequenced the COI gene fragment, assessed shell morphometry patterns and genotyped microsatellites in individuals across both regions.
Phylogeny, taxonomy, morphometry and distribution
The phylogenetic analysis presented in this study revealed two exclusively monophyletic allopatric lineages separated by the Gibraltar Strait, here recognised as two distinct species, i.e. U. delphinus inhabiting the western basins of Iberia (from the Ulla in the North to the Guadalhorce in the South; Fig. 1 ) and U. foucauldianus only present in the Atlantic Moroccan basins (from Mharhar in the North to the Noun in the South; Fig. 1 ). Two voucher specimens per species were deposited at the Museu Nacional de História Natural e da Ciência, Lisboa, Portugal (U. foucauldianus: MB28-004382 and MB28-004383; U. delphinus: MB28-004384 and MB28-004385). U. delphinus and U. foucauldianus belong to the pictorum lineage, with a COI genetic divergence value of 3.2 % (unc-p distance) between each other, which is similar to the values observed between most pairs of recognised Unio sp. within this lineage ( Fig. 3; Table 3 ).
Until the mid-twentieth century, the taxonomy of the genus Unio suffered from an excess of described species due mainly to the high phenotypic plasticity, particularly in shell shape. In this study, and although shell characteristics such as hinge structure and umbo sculpture do not show any distinguishing features (data not shown), shell shape as analysed by Fourier shape analysis was found to be significantly different between U. delphinus and U. foucauldianus. Overall, the shell outline of U. delphinus is more elongated and triangular whereas in U. foucauldianus, it is essentially trapezoidal (Fig. 5) . The significant differences in shell shape provide additional support for the separation of the two species. Observed variations in shell shape between populations within each species, reflecting considerable phenotypic plasticity, could be attributed to differences in prevailing ecological conditions in the different rivers; a phenomena commonly observed in other freshwater mussel species (Zieritz et al. 2010) .
The name and status of U. delphinus as a distinct species (separate from U. pictorum) has been considered by Araujo (Haas 1969) , the most widespread unionid species in North Africa. Of the two remaining Unio names available, Unio tifleticus Pallary 1923 should be considered as a junior synonym of U. gibbus, as proposed by Araujo et al. 2009a , while U. foucauldianus is here recognised not as U. gibbus but as the valid name for the other Unio species found in Morocco, since its original description and plates match the specimens from the present study. Pallary first described this species in 1936 from specimens collected at the Aït Melloul bridge, in the lower section of the Sous River, which now dries completely in the summer and where the species has not been recorded for decades. Unfortunately, the present location of the type specimens of U. foucauldianus is unknown.
Role of messinian salinity crisis as a vicariant and calibration event
Information collected in this study strongly indicates that the land bridge, which originated during the MSC, was the corridor allowing the migration of the genus Unio into North Africa. The earlier point in time of the radiation of U. delphinus in comparison with that of U. foucauldianus may be attributed to the fact that the climatic fluctuations in Iberia do not reach the levels of desiccation that characterise the humid-arid cycles in North Africa (Le Houérou 1992), thus providing a more stable riverine network and less genetic drift. The effect of the relatively small sample size for North Africa in this respect cannot be ruled out but is unlikely to play a major role given the extent of the sampled area. To confirm this would require sampling of nuclear genes or the male mitochondria, given the presented mtDNA data only reflects the history of the maternal lineage. The obtained molecular rate for female-type COI (0.27 ± 0.06 %/my) using the MSC as a calibration event is the first and only estimated for the Unionida order to date. 
From microsatellites genotyping: sample size (N), number of alleles (N A ), expected heterozygosity (H E ), observed heterozygosity (H O ), inbreeding coefficient (F IS ), and Hardy-Weinberg equilibrium exact test p value (HWE). Population numbers follow Fig. 1 and Table S1 Surprisingly, this rate is much slower than those published for other bivalves (e.g. 0.6 %/my in Renard et al. 2000; Mock et al. 2010; 0.67-1.21 %/my in Marko 2002; and 0.55-2 .04 %/my in Luttikhuizen et al. 2003) . Due to this difference, future studies on Unionida should use the rate obtained in this study instead.
Phylogeography and population genetics
This first assessment on the population genetic structure and demographic history of U. delphinus and U. foucauldianus across their entire distributions greatly increased the almost non-existent available data on these taxa and revealed unexpected patterns. Within U. delphinus, there was only one supported mtDNA cluster that was geographically concordant, i.e. the Southernmost Iberian River basins: Guadalquivir, Barbate and Guadiaro. On the other hand, mtDNA analysis of U. foucauldianus did not reveal the existence of any geographically concordant sub-clades. Although this might be influenced by the low number of sampled populations, the wide range of the collected basins support the reported pattern. The lack of geographic concordance of the mtDNA clusters were unexpected, especially for the Iberian U. delphinus, as a recent phylogeographic study on another freshwater mussel species, Anodonta anatina (Linnaeus 1758), revealed a complex phylogeographic history and the presence of several divergent mtDNA lineages within the Iberian range ).
The tests of demographic history (for COI mtDNA) suggested a recent demographic expansion within U. delphinus as did the low levels of significant F IS obtained in most populations (microsatellites). The results of the same tests obtained for U. foucauldianus were incongruent most likely due to the low number of individuals analysed.
Habitat loss and fragmentation have important consequences for population persistence by reducing dispersal, connectivity and population size (Brook et al. 2008) . Here, we applied ten newly developed microsatellite loci to characterise patterns of population genetic structure and test for the genetic signature of the population declines in order to provide key (Table S1 , Supporting information). Circle size is proportional to the observed haplotype frequencies, and black points represent unobserved haplotypes and potential intermediates. Middle, STRUCTURE analyses when using all populations for both species (K = 2). Upper right, STRUCTURE analyses in U. delphinus for A K = 2, using all populations; B K = 2, for populations in cluster A1; and C K = 3, for populations in cluster A2. Right below, STRUCTURE analyses in U. foucauldianus for K = 3 (using all populations). Each individual is represented by a vertical bar in K-coloured segments with the length of each bar being proportional to the estimated membership coefficient. Black lines separate individuals from different geographic regions (see Fig. 1 ; Table S1 , Supporting information, for population codes). The programmes CLUMPP v.1.1.2 (Jakobsson and Rosenberg 2007) and DISTRUCT v.1.1 (Rosenberg 2004 ) were used to graphically display individual's membership coefficients for each cluster insights into conservation for at-risk species. Although no bottleneck signatures were detected on any of the populations of both species, F IS values were comparatively high in two U. delphinus and one U. foucauldianus populations. These elevated values may be explained by recent declines, which are not yet detectable in the current genetic signatures; a hypothesis that is supported by the fact that all three populations inhabit highly disturbed habitats. The Iberian population number 11 (River Guadiana; Table S1 and Fig. 1 ) is located downstream of two major cities on the Portuguese-Spanish border (Elvas and Badajoz), a highly impacted area in terms of both pollution and presence of dams, and population number 15 (River Barbate; Table S1 and Fig. 1 ) inhabits a small river highly impacted by agriculture runoffs and dams. The Moroccan population number 19 (Table S1 ; Fig. 1 ) has been dramatically reduced in range and is now mainly restricted to the lower sections of the Oum Er-Rbia basin. This range contraction is likely due to the strong effects of dams, agriculture and water extraction .
The most likely number of clusters from the microsatellite Bayesian assignment analysis indicates a strong genetic structure within U. delphinus and U. foucauldianus populations. In U. delphinus, a major division is seen between the northern and southern basins. The northern range is further divided into two clusters, with the Minho population appearing isolated from the others. On the other hand, the southern Iberian basins seem to belong to three independent clusters. As for U. foucauldianus, the two northern populations cluster together, and the others correspond to two additional genetic pools each. In this context, several distinct management units (MUs) were identified for each species, since they present a high among-population differentiation, mainly at the nuclear loci Numerical values among the species names refer to uncorrected p distance values between the respective clades, inside the pictorum lineage. See Table 3 and Table S2 for detailed information (Hedrick et al. 2001; Caballero et al. 2012) . U. delphinus was divided in five MUs. The first restricted to the Minho basin (MU1, Fig. 2 Fig. 1 and Table S1 , Supporting information to a generalised decline in the number of populations and individuals; thus, the Minho and Southern Iberian MUs should receive a special consideration due to their restricted distributions. The presence of dams and the impacts generated by invasive species, mainly of the Asian clam Corbicula fluminea (Müller 1774), are usually described as the main threats to U. delphinus in the Minho basin (Sousa et al. 2007 (Sousa et al. , 2008 Novais et al. 2016) . Also, special care should be addressed to the populations in the South where besides the negative impacts of dams and pollution, water resources are scarce due to overexploitation for human consumption (Company et al. 2008) . Our study presents the first in depth analysis of the molecular and morphological diversity of the critically endangered U. foucauldianus (IUCN; Van Damme and Ghamizi 2010). Three MUs were detected: one encompassing the northern populations of the Mda and Sebou basins (MU1, Fig. 2 , below right), and the other two within each of the southern basins, Oum-Er-Rbia (MU2) and Noun (MU3) (Fig. 2, below right) . The present conservation status of the species should be revised and probably down-listed, since its actual range is much wider than previously evaluated (Van Damme and Ghamizi 2010) . In addition, at several sites, the species attained a high density (authors' personal observation). On the other hand, the U. foucauldianus MUs identified in the present study indicate that the species requires special conservation attention, especially with regard to the southern Noun and Oum-erRbia populations. The Noun is an intermittent river where the population only remain in small pools in the lower sections of the river. As for the Oum-Er-Rbia, although it is one of the major basins in Morocco, a high percentage of its water is being presently extracted for irrigation. This has led to summer desiccation of some of the smaller tributaries and a lower water level of the main channel where the species is mainly restricted to the lower section . The increase of the human population with subsequent urban and agriculture development as well as future climate change projections pose a serious threat to these mussel populations in south Morocco.
Conclusions and future directions
This study has delivered important information about the phylogenetic and phylogeographical processes of post-glacial colonisation patterns freshwater taxa across the western Mediterranean. The estimated molecular rate reported herein represents the first for the Unionida and will serve as a crucial tool for future studies of this kind. By providing another piece of evidence to understand the main processes that have shaped the biodiversity of this important geographic area, we also point out the value of investigating diversity with multiple marker systems (molecular and morphological). Future   Fig. 5 Left, shell pictures of representative Unio delphinus specimens (a River Guadiana, b River Mondego) and corresponding synthetic outline for the average shell shape (c). Right, shell pictures of representative Unio foucauldianus specimens (d River Mda, e River Noun) and corresponding synthetic outline for the average shell shape (f) research should seek to compare these results with other freshwater bivalve species inhabiting the same area, particularly those with different ecological traits, i.e. with different modes of reproduction and in different habitat types. Investigating understudied regions of North Africa can be particularly useful for the understanding of the evolutionary dynamics of the Unio species as well as freshwater mussels in general and also aid in our long-term goal of systematic revision of the genus. Finally, the newly developed microsatellite loci applied here for the first time, should be tested and used for the other related Unio species, especially within the pictorum lineage, for which these markers are still not available.
